Abstract-Radiation is a vital mechanism affecting electromagnetic interference (EMI), noise control, and performance optimization in today's electronic designs. Due to tight electromagnetic compatibility standards, it becomes increasingly important to diagnosis the radiation hot spot in the radiation process before the mitigation is applied. In this paper, the characteristic mode analysis has been implemented together with the integral equation based numerical methods to identify the hot spots for EMI radiation. During this process, the current is split into radiating and nonradiating ones. The radiated power from each part of the structure can be quantified using the radiating current. Therefore, the radiation hot spot can be identified. Several numerical examples are applied to benchmark the proposed approach. This paper provides a guideline in discovering radiation related geometrical features, and designing methodologies for real geometries.
I. INTRODUCTION

R
ADIATION causing electromagnetic interference (EMI) [1] - [4] has always been a vital issue for researchers. To solve this issue, it is critical to understand its physical mechanism and underlying features related with distributive geometries. Nowadays, due to the increase of digital circuits' speed to tens of Gb/s, EMI problems can cover tens of gigahertzs spectrum. InfiniBand and Ethernet are now above 25 Gb/s, SAS3 emissions are typically 12 GHz, etc. Most of the radiating elements inside an equipment are electrically large at these frequencies. Hence, it requires more precise modeling techniques and more accurate numerical algorithms. Even though some work have been done trying to unveil the radiation physics corresponding to distributive geometries [5] , [6] , how each part of the geometry contributes to the total radiation and how geometry features are mutually related to radiation were seldom addressed. Most direct parameters such as the current distributions and S-parameters cannot provide insight for above quests. It turned out to be extremely difficult to give a clear description for EMI radiation physics.
The radiation mechanism can be analyzed by the Green's function method [7] , steepest descent method [8] , and electric field integral equation (EFIE) based method, such as the method of moments (MoM) [9] , and the partial element equivalent circuit (PEEC) method [13] . In August 2008, IEEE issued an IEEE Standard [14] - [16] . Among these methods, the PEEC method is a versatile and a cell-by-cell method, which is based on the EFIE with potentials and currents as unknowns suitable for circuit models for electromagnetic problems. The approach turns the field into a circuit problem. A large category of PEEC applications are for electromagnetic compatibility (EMC), IC packaging, antenna characteristic analysis, new material modeling [17] , and power calculation [7] . In [7] , this approach extracts all real power results from a cell-by-cell power representation. The radiation and power transfer are separated by using partial elements. It clearly determines the power composition of radiators.
With the combination of CM analysis [18] - [21] and the integral equation-based numerical methods, dealing with the EFIE is turned into solving the eigenvalue problem. In [18] - [20] , the characteristic mode (CM) analysis is applied to analyze antenna and scatterer problems. By applying this method, it is demonstrated that only a few modes is needed to characterize the electromagnetic behavior for electrically small and intermediate size bodies. In [21] , the MoM impedance matrix is decomposed into the matrix operator related to radiated power (real part of the impedance matrix), which is called the radiation mode analysis. After getting the eigenvalues and eigenvectors for the eigenvalue problem, a general current can be projected into the basis set that provides a convenient means of identifying currents which contributes to radiated power. However, this application is restricted to antenna region, and the radiated power from each part of the radiator remains to be unknown. In addition, this eigenvalue problem is not physically derived compared to the traditional CM analysis.
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In this paper, with the eigenvalues and modal radiated power results based on the CM analysis, the radiating current is constructed by summing up the contributions from the modes that radiate most. Therefore, the current distribution on an arbitrary radiator can be split into two categories: radiating current and nonradiating current. With the radiating current, the radiation contribution from individual cell can be figured out. Hence, the hot spot in radiation can be identified. Compared with other approaches such as commercial software or experiments, it is versatile by applying MoM or PEEC. As long as the numerical methods are capable to handle these structure, CM analysis can be applied. In addition, it provides quantitative power values for individual cells. However, for using commercial software or doing experiments, it can be very time-consuming. Furthermore, only current or field results can be obtained, it cannot obtain power results, not to mention quantitatively point out the hot spot. Therefore, the radiation hot spots can be quantitatively pointed out by applying this method.
The paper is organized as follows: Section II will give a brief introduction on the CM analysis and Section III investigates several typical EMI structures to verify the proposed idea. Conclusions and discussions are presented at the end of this paper.
II. THEORETICAL BACKGROUND
A. CM Analysis 1) CM for Integral Equation-Based Methods:
The EFIE [9] - [12] for perfect electric conductor is represented aŝ
where A and φ are vector and scalar potential, respectively. E sca is the scattered electric field, and E inc is the incident electric field. After certain mathematical manipulations, (1) can be represented as [9] 
where Z is the impedance matrix, J is the current distribution, and V is the excitation for the system. According to [18] , CMs for (1) can be found by solving the eigenvalue problem
where R and X are the real and imaginary parts of the impedance matrix Z, respectively. J n is called the characteristic current or eigencurrent of the conducting body, and each eigencurrent radiates unit power. From (3), it can be seen that the CMs depend only on the shape and size of the conducting object, and not excitation. It can be seen that eigenvalues λ n with the smallest magnitude are of more importance for radiation and scattering. If λ n > 0, we call this an inductive mode; if λ n < 0, this is a capacitive mode. The mode with λ n = ∞ is corresponding to the internal cavity resonances for the conducting surface, which is spurious and trivial. To sum up, we have classified λ n into four types as 1) λ n = 0, radiation and scattering mode, and this is why the smallest values are more important for radiation, are closer to resonance, appear in the denominator of the electric field; 2) λ n > 0, inductivemode, mostly magnetic energy stored in this mode; 3) λ n < 0, capacitivemode, mostly electric energy stored in this mode; and 4) λ n = +/ − ∞, internalcavityresonance. The current in (2) is a linear superposition of J n [18] , [19] , that is
where α is a vector containing the modal coefficients as entries.
The modal coefficients can be obtained as [22] 
where
is the eigencurrent for X T J a n = λ n R T J a n , and V is in (2).
B. Impedance Matrix for PEEC
For PEEC method, it transforms the EFIE into an intuitive lumped RLC circuit model. By applying modified nodal analysis [23] , the matrix for the circuit elements can be achieved accordingly, which is formulated as
where R, L, and C are impedance, inductance, and capacitance matrices, respectively. Pp −1 is the coefficient of potential matrix, and C = Pp −1 . A is for the connectivity matrix. I S , V S represent current and voltage source, respectively. V and I are the voltage and current distributions, respectively, and are unknowns to be solved.
Similar to MoM, the impedance matrix for PEEC can be developed as [24] [(R + sL) + A(sC)
−1 I S . Z P and V are the redefined impedance matrix and the redefined source for PEEC, respectively.
C. Radiating Current Construction
As is from (4), the total current can be expanded by the eigenvectors J n . The radiated power from each mode can be represented as [25] 
where α n is the coefficient of the nth eigenvector.
The total radiated power (TRP) is defined as
From (4) and (10), it can be seen that J = n α nJn , and α n determines the radiated power from the nth modal current. Most α n are almost zero, and it means that most of the modes do not radiate at all. Only a few modes contribute to radiation. These currents that have large α n are radiating currents. By summing up all the radiating currents, we can get the radiating current we want. Those modes with zero α n are called nonradiating currents.
From the radiating current, the radiation contribution from each part of the structure can be identified.
D. Identifying Radiation Hot Spot
TRP can be formulated as
where I is the radiating current and Z is the impedance matrix for lossless system or material.
The radiated power from the ith segment can be defined as
Therefore, the radiated power from each part of the structure can be quantified, and the radiation hot spot can be identified.
E. Proposed Radiation Diagnosis Procedure
The process of radiation diagnosis can be illustrated by a flowchart, as shown in Fig. 1 . The basic idea is to combine the CM analysis with the distributive PEEC based radiation computation to identify the hot spot. 
III. NUMERICAL RESULTS
In this section, various numerical examples are investigated to verify the proposed method.
A. Radiation Diagnosis for the PCB With a Long Cable
This example is a PCB with a long cable. The PCB is composed of a two-sided conductive plate, which is 50 mm long and 100 mm wide and a floating spiral that lies 2 mm above the plane. The PCB is connected with a long cable that drops 1 m to ground. In order to connect the PCB and the spiral, a 1-V voltage source is applied in the source point, and the other end is shorted to the plane. The structure is depicted in Fig. 2 . The physical dimensions for structures in Figs. 2 and 8 are listed in Table I .
For real designs, the 1-m-long cable will cause a lot of trouble in radiation. TRP for the structure with and without cable is shown in Fig. 3 . There are a few resonance points that are corresponding to the resonant frequencies for the cable, while for the PCB itself, there will be no significant resonant points.
The first three resonant frequencies for the PCB with a long cable in Fig. 3 are f 1 = 55 MHz, f 2 = 180 MHz, f 3 = 315 MHz, and f 4 = 460 MHz. If TRP results for the PCB with and without cable are compared at these frequency points, it is obvious to figure out that radiation mainly comes from the cable at these resonant frequencies. However, if the frequency goes higher than 600 MHz, no more resonance appears. At f 5 = 610 MHz, both spiral with and without cable have resonance. Therefore, it is interesting to investigate the radiation properties at this frequency.
1) f 1 = 55 MHz: This is the first resonant frequency. As a 110 cm monopole, it will resonate at 68 MHz, but the PCB at the end of the 1-m cable is creating a capacitive hat, practically a capacitively top loaded monopole, and the resonance moves lower, to 55 MHz.
Based on CM analysis, the first modal radiated power takes up more than 99.99% of TRP, so the first modal current is the radiating current. Here shows the comparison between the total current and the radiating current in Fig. 4 . At this frequency, the current distribution on the cable behaves like a quarter-wave dipole antenna.
By applying the radiating current, the radiated power from each of the segment is illustrated in Fig. 5 . The radiation peak is corresponding to the red part in the PCB part in Fig. 5(a) . The PCB part [see Fig. 5(a) ] contributes much less than the cable part. Hence, radiation mainly comes from the cable part of the structure.
2) f 5 = 610 MHz: At f 5 = 610 MHz, things become more complicated. At this frequency, the radiating current is composed of several modal currents, such as mode number 1, 5, and 6. After summing the radiation contribution from these three modes, the radiated power reaches more than 99% of TRP.
Here shows the comparison between the total current and the radiating current in Fig. 6 . By applying the radiating current, the radiated power from each of the segment is illustrated in Fig. 7 .
The radiation contribution from PCB part [see Fig. 7(a) ] is 0.0256 W, which takes up 64.65% of TRP, while radiation from the cable part is 0.0140 W, 35.35% of TRP, as shown in Table II . Hence, radiation mainly comes from the PCB part of the structure. For the PCB with a long cable structure, the radiation hot the spot can be identified at different frequencies very easily by applying the CM analysis.
3) Changing the Length of Cable: Here, the PCB with different length of cable is investigated. In Fig. 3 , the first resonant frequency for the PCB without cable is around 610 MHz. Meanwhile, with 0.5-m and 1-m-long cable, the resonant frequency is also 610 MHz, which remains unchanged.
The resonant frequencies for the PCB without cable case are 610 MHz, 1200 MHz, and 1790 MHz, respectively. They are corresponding to the intrinsic resonant frequencies for the PCB part. With the changing length of the cable, the resonant frequencies remain the same, which illustrates that the cable only affects the TRP amplitude, not the radiation characteristics of the PCB. This can also demonstrate that at these frequencies, the radiation hot spots are located on the PCB itself, not the cable. 
B. Four Open-Ended EMI Structures
The following example is a combination of several typical EMI structures, which is illustrated in Fig. 8 . The planes in the three geometries are the same, and they are all 50 mm long and 100 mm wide. In Fig. 8(a) , the source is put at the intersection between the plane and the cable. For Fig. 8(b) , since the trace is floating 2 mm above the plane, the wire is connected with the plane with a source and a load at both ends perpendicular to the plane. For Fig. 8(c) , the floating spiral, which is 2 mm above the plane, is also connected to the plane at both ends by a source and a load perpendicular to the plane. In Fig. 8(d) , the floating trace is also connected to the plane at both ends by a source and a load perpendicular to the plane. . TRP for open-ended structure in (a) Fig. 8(a) , a plane with a 1-m-long cable, (b) Fig. 8(b) , a plane with a trace on top of it, and a 1-m-long cable, (c) Fig. 8(c) , a plane, a spiral, and a 1-m-long cable, (d) Fig. 8(d) , a slotted plane, a trace, and a 1-m-long cable.
The TRP results from the measurement, CST [27] and the proposed method in this paper are illustrated in Fig. 9 . The excitation is set to be 0 dBmW together with 50 Ω internal loss. Due to the existence of 50 Ω loss, the resonances are weakened due to a better match, compared with short-and open-ended cases.
From Fig. 9 , it can be seen that simulation results agree favorably with measurement results. The computation time for Fig. 10 . TRP results for the four short-ended structures from 20 MHz to 5 GHz. The blue line is for the structure in Fig. 8(a) . The red curve is for the structure in Fig. 8(b) , the black dashed line is for Fig. 8(c) , and the purple dashed line is for the structure in Fig. 8(d) . CST Microwave Studio is around 4 h in order to get these TRP results, while CM method takes around 10 min, which is much faster than this commercial software.
C. Four Short-Ended EMI Structures
In this section, all loads in Fig. 8 are set to be shorted to the underneath plane. The excitation is a 1-V voltage source. Other parts remain to be the same.
For these structures, the TRP results are depicted in Fig. 10 . The radiated power for Fig. 8(a) is much more than the remaining three structures except for some resonant points, since the source is directly put at the end of the cable, so the power can be injected to plane and cable. For the other three structures, the source is put in the part that connects the plane with the floating structure, without directly contacting the cable. This can filter the signal, and prevent the current and power from flowing into the cable. Hence, by reasonably putting the source, radiation can be significantly reduced at lower frequencies.
In addition, at f = 745 MHz in Fig. 10 , it is very interesting to see that structures in Fig. 8(a), (b) , and (d) all have resonances, but the spiral case does not have. One possible explanation is that the resonances are due to the cable resonance in Fig. 8(a) , (b), and (d). However, for Fig. 8(c) , the details of the PCB are more complicated so that the PCB part dominates radiation at this frequency. The cable part is not significant any more even though it is 1 m long. In order to investigate the problem in detail, the the developed approach based on CM analysis is applied.
1) Plane With the Cable: For the structure in Fig. 8(a) , it is the simplest case. By splitting the current into different modes, the first mode is dominating. The structure is composed of two parts: the plane and the cable. The corresponding number of index and radiated power for each part of the structure are shown in Table III . For this structure, the cable part has more than 50% contribution for radiation.
2) Plane, Trace With a Cable: For this structure, the similar process is applied and the radiated power for individual cell can be obtained.
The structure has four parts: the plane, the floating trace, the source and load part, and the cable. The corresponding number of index and radiated power for each part of the structure are shown in Table IV . For this structure, the cable part has about 50% contribution for radiation.
3) Plane, Spiral With a Cable: For this structure, the similar process is applied. The structure has four parts: the plane, the floating spiral, the source and load part, and the cable. The corresponding number of index and radiated power for each part of the structure are shown in Table V . For this structure, the cable part has less than 9% contribution for radiation, which means that instead of the cable, the PCB part dominates in total radiation at this frequency.
For this structure, the cable part does not have much contribution to radiation, which explains that why there is no resonance for the spiral structure at f = 745 MHz.
4) Slotted Plane, Trace With a Cable: For this structure, the similar process is applied. The structure has four parts: the slotted plane, the floating trace, the source and load part, and the cable. The corresponding number of index and radiated power for each part of the structure are shown in Table VI . For this structure, the cable part has more than 40% contribution for radiation, which means that the cable part plays a vital role in total radiation at this frequency.
For this structure, the cable part has much contribution to radiation.
To sum up, the radiation contribution from the cable part for the three structures is shown in Table VII. For the third structure, Fig. 8(a) 57.14% Fig. 8(b) 48.75% Fig. 8(c) 8.85% Fig. 8(d) 42.02% the radiated power from the cable part can be neglected, which is totally different from the other three structures. Therefore, at this frequency, the radiation hot spot lies on the PCB, not the cable. This can also explain why no resonance is here at the frequency for the spiral structure. At f 5 = 610 MHz, f 6 = 1195 MHz, and f 7 = 1790 MHz, the spiral length is the summation of l 1 to l 7 1) l spiral = l 1 + l 2 + l 3 + l 4 + l 5 + l 6 + l 7 = 250 mm 2) at f 5 = 610 MHz, l spiral = 0.50λ 3) at f 6 = 1195 MHz, l spiral = 1.00λ 4) at f 7 = 1790 MHz, l spiral = 1.49λ ≈ 1.5λ which can demonstrate that these resonances are corresponding to the spiral part shown in Fig. 8(c) .
At f 8 = 2060 MHz, and f 9 = 4165 MHz, these resonances are due to the trace part that is illustrated in Fig. 8(b) . Since the trace length is 70 mm 1) at f 8 = 2060 MHz, l trace = 0.48λ ≈ 0.5λ 2) at f 9 = 4165 MHz, l trace = 0.97λ ≈ 1λ. Hence, these two resonances are due to the trace part. By comparing the red solid line [corresponding to Fig. 8(b) ] and the purple dashed line [see Fig. 8(d) ] in Fig. 10 , it can be seen that the slot in the plane can enhance TRP significantly except for certain trace resonance points. The slotted plane will not change the resonant frequencies at low frequencies, but the radiation behavior will be different in high frequencies.
IV. CONCLUSION
In this paper, the hot spot in radiation can be identified by applying the CM analysis together with the integral equationbased numerical methods. This method enables us a quantitative approach for radiation from each part of the structure, and identify radiation hot spot. Several typical EMI structures are investigated to verify this method. For each example, the radiation contribution from different part of the structure can be easily obtained. For further applications, a design guideline can be provided in mitigating radiation instead of using absorbing material or adding copper tape in EMI. This method can also help better understand the physics of radiation.
